Abstract -During colony fission, honey bee workers are exquisitely sensitive to the presence of their queen in airborne swarms and bivouacs and will abandon swarming if she is absent. However, it is not known whether swarming queens produce a chemical bouquet that is distinct from non-swarming queens, containing either unique chemicals or altered proportions of chemicals. We found that queens emitted higher quantities and greater numbers of unique volatiles at liftoff than they did prior to swarming or in clustered bivouacs, and swarming workers tended to be attracted to these liftoff volatile blends. Pentadecane and heptadecane were collected most frequently and emitted in significantly higher quantities by queens at liftoff; these compounds have been described as pheromone components in other social insects, but not yet in honey bees. Our results suggest that volatile emission by queens is more dynamic than previously thought and that changes in their chemical signals may play a role in regulating the behavior of swarming workers.
INTRODUCTION
Honey bee reproductive swarming is a fascinating example of a collective behavior for which the movement of thousands of individuals must be finely coordinated (reviewed by Seeley 2010 and Grozinger et al. 2014) . During reproductive swarming, approximately three quarters of workers and their queen leave the nest and form a temporary cluster (called a bivouac) from which they search for nest sites and eventually relocate en masse to their most popular selection (Rangel and Seeley 2012; Rangel et al. 2013) . Several studies have elucidated the behavioral signals that are produced by workers to regulate the swarming process (reviewed by Seeley 2010 and Grozinger et al. 2014) . However, queens also produce pheromonal signals that are known to trigger the initiation of new queen rearing in preparation for swarming (Fefferman and Starks 2006; reviewed in Grozinger et al. 2014) and to keep flying and clustered swarms cohesive (Butler et al. 1964; Butler and Simpson 1967; Avitabile et al. 1975; Winston et al. 1982 ). Although it is not known Electronic supplementary material The online version of this article (doi:10.1007/s13592-015-0358-x) contains supplementary material, which is available to authorized users.
whether queens play an active role in coordinating swarming, workers in a swarm will not form a bivouac or relocate to a new nest site unless their queen joins them (Avitabile et al. 1975; Pierce et al. 2007) , which suggests that queen-derived signals might help to coordinate these group transitions. In this study, we investigated the pheromone profiles of swarming queens, and the response of workers to volatiles from swarming and non-swarming queens, to determine whether dynamic changes in queen volatiles occur as queens swarm and whether such changes are linked to the behavior of swarming workers.
Pheromones produced by queens have been shown to play a role in regulating the initiation of queen rearing, which is the first step in swarm preparation. Queens deposit footprint pheromones (the composition of which has not yet been determined) from their tarsal glands as they walk, which inhibit new queen rearing in congested colonies that would typically swarm (Lensky and Slabezki 1981) . New queen rearing in congested colonies is also inhibited by queen mandibular pheromone, or QMP, which is produced by the mandibular glands (Slessor et al. 1988 (Slessor et al. , 1990 Winston et al. 1991) . QMP consists of 9-oxo-(E )-2-decenoic acid (9-ODA), (R )-and (S )-9-hydroxy-(E )-2-decenoic acid (9-HDA), methyl p -hydroxybenzoate (HOB), and 4-hydroxy-3-methyoxyphenylethanol (HVA) (Slessor et al. 1988) . Approximately 20 other chemical components are found in the mandibular glands, and the proportions of these components change with reproductive state and mating quality, which has an influence on worker physiology and behavior (Richard et al. 2007 (Richard et al. , 2011 Kocher et al. 2009; Niño et al. 2012 Niño et al. , 2013 Peso et al. 2013) .
The presence of queens or their pheromones also improves swarm cohesion after workers leave their parental nest, both when swarms are airborne and when they are clustered. Airborne swarms span larger areas if they are queenless (Morse 1963; Beekman et al. 2006) . Swarming workers will also return to their queen if she is prevented from flying with them, and will readily relocate if the queen is moved short distances from the bivouac (Avitabile et al. 1975; Morse 1963; Simpson 1963 ). Interestingly, a queenless swarm will not return to the parental hive or will lose cohesion if a swarming worker is marked with 9-ODA, which suggests that queens signal their presence in part with this main component of QMP (Avitabile et al. 1975) . Similarly, swarms are attracted to, and cluster stably around, lures impregnated with 9-ODA, 9-HDA, and QMP (Butler et al. 1964; Butler and Simpson 1967; Winston et al. 1982) . However, live queens or whole-queen extracts attract and stabilize swarms more effectively than lures Winston et al. 1989) , thus additional pheromone components are likely involved in cluster cohesion.
It is unknown whether queens simply passively signal their presence to the swarming workers via their standard pheromone blend, or whether their pheromone blend changes in composition (in either compound type or quantity) during swarming. Equivalent levels of 9-ODA are produced by swarming and non-swarming queens (Seeley and Fell 1981) , but other pheromone components have not been examined. Because the relative proportions of the non-QMP components of the mandibular gland change significantly with queen reproductive state and mating quality, similar changes in the pheromone bouquet of queens between stages of swarming could improve bivouac cohesion, signal the queen's presence to airborne swarms, or modulate worker behavior in swarms. There is some evidence that queenworker interactions change during swarming: although older workers (foragers and scouts) are not attracted to queen pheromones (Grozinger and Robinson 2007) and do not interact with queens in non-swarming, established colonies (Seeley 1982) , scouts tend to seek out queens in swarm bivouacs (Pierce et al. 2007) .
To evaluate whether queen pheromone blends change dynamically during swarming, we used solid-phase microextraction (SPME) coupled with gas chromatography/mass spectroscopy (GC/MS) to non-destructively sample and characterize the volatile chemical blends produced by queens at three different stages of the swarming process: in colonies prior to the initiation of swarming, in clustering bivouacs before house hunting begins, and during bivouac liftoff. We focused on volatile blends because the behavioral changes that occur at swarm liftoff are rapid and are less likely to be associated with changes in contact pheromones, given that the queen must communicate with the swarm while airborne. We compared the volatile profiles of swarming and non-swarming queens to determine (1) whether the quantities of volatiles that are released by queens change as they go through different stages of the swarming process, and (2) whether queens release different types of volatiles during swarming. Finally, to determine whether worker behavior differs in response to the chemical blends produced by queens at different stages of the swarming process, we assayed the relative attraction of swarming workers to the chemicals collected from swarming queens at liftoff versus those collected from queens in nonswarming colonies.
MATERIALS AND METHODS

Honey bee colonies
Colonies of honey bees (Apis mellifera L.) were maintained according to standard beekeeping practices at the Wellesley College apiary in Wellesley, MA, USA. Naturally mated honey bee queens and colonies were purchased in 2010 from Merrimack Valley Apiaries (Billerica, MA, USA) and in 2012 from Beehavin Apiaries (Smithfield, RI, USA). Queens were primarily of mixed Carniolan (2010) or Italian (2012) descent and were reared in the year that they were studied. Colonies were established from five-frame nucleus colonies in the spring of each year and had expanded in size to fill two Langstroth hive bodies when swarms were assembled. Samples of queen volatiles were collected between 22 June and 2 September 2010. Behavioral assays were performed between 6 July and 27 July 2012.
Swarm establishment
Bivouacking Bswarms^were created using standard methods (Seeley and Buhrman 1999) . Briefly, approximately 1-1.5 kg of workers (7,500-11,000 workers; Mitchell 1970 ) from a single colony were shaken off frames of comb and into a wooden box with wire-screen sides (15×25×35 cm); the colony's queen was placed in an unused plastic queen cage (24 h prior to swarm creation), which was secured inside the box so that workers could cluster around it in a bivouac. Once in the screened box, each cluster was fed a 1:1 sugar/water solution ad libitum for at least 6 h per day for 2 to 3 days to simulate engorgement by workers on honey, as would occur prior to a natural swarm exodus (Combs 1972) . After this feeding period was over, the caged queen was removed from the screened box and hung on the board of a swarm stand (Supplementary Figure S1a) . Workers were shaken out of the box and onto the base of the stand and then moved to the board to resettle in a bivouac around the queen. At this point, the swarm began its search for a new nest site and was subsequently monitored for preparation for liftoff by watching waggle dances and listening for worker piping, signals that change characteristically as house hunting progresses toward liftoff (reviewed in Seeley 2010).
Sampling queen volatile profiles
Volatile samples were collected from caged queens at three stages of swarming for each colony a queen headed. Each queen was sampled at each time point. BIn-hive^samples were collected 24 h after each queen was caged, but before a swarm was shaken into its screened box, so the queen was still in her hive. BCluster^samples were collected after the ad libitum feeding period was over and immediately before colonies were transferred to swarm stands, so queens and workers had been in a homeless cluster for some time but had not yet begun the house-hunting process. BLiftoff^samples were collected immediately after bivouacs dissolved and airborne swarms began to move to their new home. A total of 17 queens were sampled at all three stages of swarming and were considered in the analysis.
To monitor the volatiles that were produced by the same set of queens across these time points, we used solid-phase microextraction (SPME) coupled with gas chromatography/mass spectroscopy (GC/MS). SPME has been used previously to characterize volatile chemical profiles of honey bee queens (Gilley et al. 2006; Huang et al. 2009 ) and waggle-dancing honey bee workers (Thom et al. 2007 ). We used 65-μm polydimethylsiloxane divinylbenzene SPME fibers (Supelco SPME fiber 57326U; Sigma-Aldrich, Bellefonte, PA, USA) because they capture the largest number of queen-produced volatiles compared to other fiber types (Gilley et al. 2006; Huang et al. 2009 ). Fibers were decontaminated before each exposure to a queen by insertion into a GC/MS at 250°C for 3 min, and then the end of the fiber assembly was wrapped with Teflon tape to minimize adsorption of environmental volatiles prior to exposure to queens. Fibers were then inserted Volatiles emitted by queens during swarming for 15 min into collection chambers with queens (see Supplementary Figure S1b ). The ends of the fiber assemblies were rewrapped with Teflon tape after exposure to queens and prior to desorption.
Before sampling a queen, each collection jar was sampled empty to generate its Bblank^volatile profile (in the field and on the same day that it was used to sample a queen). Blank and queen samples were collected from jars for 15 min under ambient field conditions and in a shaded area of the apiary. Different fibers were used for each collection. Fibers were inserted into the GC/MS as soon as possible and always on the same day that volatiles were collected.
We also performed a series of controls to determine whether the volatile profiles obtained from swarming workers were similar to those obtained from queens (Supplementary Figures S2 and S3) . First, we sampled the volatiles produced by a bivouac by inserting a caged SPME fiber into a bivouac for 30 min (see Supplementary Figure S3 for the chromatogram). Next, we repeatedly rubbed a SPME fiber across the abdomen of two buzz-running workers minutes before swarm liftoff (Supplementary Figure S3) .
Analyzing queen volatile profiles
Volatiles from blank and queen samples were analyzed by inserting and desorbing SPME fibers into a 5890 Series II Plus Gas Chromatograph in splitless mode equipped with an HP-5MS capillary column (5 % phenyl-95 % methylsiloxane; 30-m length and 0.25-mm inner diameter; Hewlett-Packard Company, Palo Alto, CA, USA). Helium was used as the carrier gas at a pressure of 12 psi (flow rate=1.0 mL/min, velocity=37.4 cm/s). The oven temperature was held at 40°C for 3 min before being raised at a rate of 15°C/min to 250°C; the injector temperature was set at 240°C. The GC was equipped with a Hewlett Packard 5972 Mass Selective Detector (HewlettPackard Company, Palo Alto, CA, USA), operated in EI mode at 150 eV according to Gilley et al. (2006) . Compound identification was deduced from the pattern of mass fragmentation as compared to the National Institute of Standards and Technology (NIST) mass spectrometry library. Quantitative analyses were performed from the Total Ion Current (TIC) data using ChemStation software (Agilent Technologies, Inc., Santa Clara, CA, USA; see Supplementary Figure S2 for sample chromatograms). Peak integration was performed automatically by using the BAuto Integratef unction of the ChemStation software. Any compounds that were present in the blanks were removed from the analysis of that sample. The total number of compounds (peaks) produced per queen and the total quantity produced per queen (calculated as the total area under all peaks) were determined. Note that we did not use an internal standard because of the potential risk of its peak obscuring volatile peaks. Thus, our chemical analyses favored better information about total number of compounds over compound quantity.
Given natural variation among queens in volatile production (see Supplementary Figure S4 ), we next identified regularly occurring Bcandidate compounds,d
efined as compounds that were produce by at least six, or approximately one third, of queens within a single time point. Selecting this threshold gave us manageable and sufficient number of compounds (eight) to use for an analysis; if we had used compounds present in one half of the queens at a single time point (i.e., 9 of the queens, since 17 queens were sampled at liftoff), we would have had only two candidate compounds to consider ((E /Z )-β-ocimene and pentadecane). Each compound was located in the chromatograms according to its retention time (within a window of ±0.02 min across samples) and its mass spectrum. For seven of these candidate compounds, the fragmentation patterns in their mass spectra matched exactly with known compounds in the NIST database, allowing us to identify them conclusively (see Table I ).
Assessing attraction of workers to queen volatiles
We conducted a choice-test assay to determine whether swarming workers were more attracted to the volatiles produced by swarming queens or nonswarming queens. To do this, bivouacking swarms were created from eight colonies using the above methods and then monitored for liftoff. Each swarming queen was paired at random with a non-swarming queen (control) from a colony that was established in the same year and from the same commercial stock (see Sect. 2.1; these were different colonies than those used for sampling queen profiles, Sect. 2.3). Non-swarming queens came from source colonies that were actively rearing brood and showed no signs of queen rearing. Each queen was placed in a new plastic cage the day that her swarm counterpart was moved to a swarm stand Table I . Number of queens emitting each candidate compound and compound quantity per queen. We compared the number of queens emitting each candidate compound (compounds emitted by at least one third of queens during at least one point of the swarming process: in-hive, cluster, and liftoff sampling points) for the 17 queens that were sampled at all three time points. The number of queens that produced these compounds at liftoff only (i.e., they did not produce them during the in-hive or cluster stages) is also presented. We also show the mean quantity emitted per queen at each time point (non-emitting queens were included in mean calculations).
Comparisons for emission frequency were made using Fisher's exact test (2×3 contingency tables) and for mean quantity with a one-way repeated measures ANOVA (with a GreenhouseGeisser adjustment for violation of sphericity to P values for all compounds except compound 1). The mass spectra for seven of these compounds definitively matched known compounds in the NIST database; compound identities are provided. P values that are significant at α=0.05 are marked with an asterisk; double asterisks denote P values that are significant when Bonferroni adjustments are made for multiple tests (α=0.006). We present both levels of significance to avoid making Type II errors, given the high number of candidate compounds that were examined. Letters indicated significant differences in mean compound quantity per queen across sampling time points a This identification is tentative as the mass spectrum did not reveal a parent ion. However, the abundance of fragments 89 (the acyl ion of butanoic acid) and 56 (the fragment corresponding to butanol) suggests that it is the ester butyl butanoate (approximately 1-2 days prior to liftoff); the cage was kept in the hive's brood area until the other queen's swarm lifted off. When a bivouac lifted off, its queen and her non-swarming counterpart were placed in separate collection jars for 15 min (see Supplementary  Fig S1b for detailed information about collection jars) .
Using an insect vacuum (BioQuip, Rancho Dominguez, CA, USA), approximately 300-400 workers were taken from a bivouacking swarm that was house hunting (a different swarm than the one that had the swarming queen to be tested) and the workers were introduced into a choice-test apparatus (Supplementary Figure S5 ). A new apparatus was used for each replicate. Once test workers were in the apparatus, they were placed in a shaded area and covered with a dark cloth for at least 30 min to give them time to acclimate to the testing arena.
To start the behavioral assay, tightly fitting pieces of Tygon tubing were inserted into the mouths of the collection jars, and the other end of the tubes were firmly attached to the holes on the sides of the choicetest box. The box and attached pair of jars were then covered with a dark cloth and workers were permitted to move freely about the box and into either jar. After 1 h, the jars were removed, sealed, and chilled, and then the number of workers in each jar was counted. This trial was repeated eight times with eight unique pairs of swarming and non-swarming queens (queens were used only once in each category and swarms were used only once as a source of test workers).
Statistical analyses
Mean number, total quantity of compounds, and quantity of individual compounds produced by queens were analyzed by one-way repeated measures ANOVA to determine whether values changed over the three sampling points (within-subject effect; a Greenhouse-Geisser P value adjustment was used when Mauchley's test showed that the assumption of sphericity was not met). We conducted posttest mean contrasts when within-subject effects were significant (using Bonferroni corrections to adjust for multiple comparisons). Once we identified candidate compounds (see above), we compared the number of queens that produced each compound across the three stages of swarming with a Freeman-Halton extension of a Fisher exact probability test for a 2×3 contingency table. We compared the mean number of workers attracted to jars containing the volatiles of swarming versus non-swarming queens with a paired t test (the data were normal, despite a small sample size; ShapiroWilks test, W=0.93, P =0.52). All statistical analyses were performed using SAS 9.3 (SAS Institute Inc., Cary, NC, USA), with the exception of the post-test contrasts and the 2×3 contingency tables, which were performed using open-access statistical calculators (graphpad.com/quickcalcs/posttest1.cfm and vassarstats.net/fisher2x3.html, respectively). Data are reported as mean±SEM.
RESULTS
Volatile profiles of swarming queens
Queens emitted a distinct profile of compounds relative to bivouacking workers or buzz-running workers and, in general, greater quantities of volatiles were collected from queens (see Supplementary Figures S2 and S3 for sample chromatograms). Queens emitted significantly greater numbers of compounds at liftoff than in hives or in clustered bivouacs (Figure 1 Figure 1 . Total number of compounds emitted by queens. The number of volatile compounds emitted per queen during stages of swarming was determined using gas chromatography (see Sect. 2). Queens emitted significantly more compounds at liftoff than they did before they swarmed (in-hive samples) or in clusters before house hunting (cluster samples) (repeated measures ANOVA, F (2,32) =5.2, P =0.01; n =17 queens). Sample points with different letters have significantly different means.
repeated measures ANOVA, F 2,32 =5.2, P =0.01). Furthermore, the total quantity of volatiles emitted by queens increased as swarming progressed, with the lowest levels collected from queens that had not yet begun the swarming process, intermediate levels from queens in clusters prior to house hunting, and the highest levels from queens that were trying to lift off with swarms (Figure 2 ; repeated measures ANOVA: F 2,32 =5.4, P =0.009). Note that we did not use an internal standard, which makes it difficult to precisely measure total quantities of compounds that were produced. However, differences among stages of swarming represent broad relative changes in volatile emission across these groups of queens. In total, 84 unique compounds (not found in the blanks) were present across all the queen-derived samples. However, the number of compounds that were emitted by each queen varied considerably (Supplementary Figure S4) , with queens emitting between 0-15 compounds when they were in hives, 2-10 compounds when they were clustered around the queen, and 1-24 compounds at the moment of liftoff. To reduce the complexity of the data set and focus on compounds that were present most commonly in these samples, we screened for compounds that were emitted by at least six queens in a single phase of swarming (approximately one third of queens in a sample group). Based on these criteria, we selected eight Bcandidate compounds^for additional analysis (Table I) . Although this was a relatively small number of compounds, they contributed substantially to the total chemical output of the queens. For the 51 samples/chromatograms that were analyzed for this study, these compounds accounted for 75-100 % of the total volatile quantity produced in 17 of them, 50-75 % in 18 of them, and less than 50 % in 16 of them.
We found that three of the eight candidate compounds showed a significant change in the number of queens that emitted them over the sampling time points, with most being emitted almost exclusively by queens at liftoff: These were compounds 4, 6, and 7 (Table I) . No difference across time points in the number of queens that emitted the remaining five candidate compounds could be detected. When the quantity of individual compounds that were emitted by queens was examined at each time point, emission of five of the eight compounds increased significantly toward liftoff (compounds 2, 3, 6, 7, and 8; Table I ). Only compounds 6 and 7, pentadecane and heptadecane, increased in both the number of emitting queens and quantity emitted per queen as swarming progressed (Table I) . Notably, pentadecane was found in a large fraction (12 out of 17) of the liftoff queens.
Attraction of workers to queen volatiles
Of the workers that made a choice in the choice test, an average of 71±12% versus 29±12 % were attracted to volatiles produced by swarming queens compared to non-swarming queens (Supplementary Table SI) . However, our sample size was small and the difference in mean number of workers choosing swarming versus nonswarming queens only approached significance (paired t test; t (7) =1.8, P =0.12). More workers were attracted to swarm queen volatiles in five of eight trials compared to non-swarming queen volatiles in two of eight trials, with no clear outcome in the last trial (Supplementary Table SI) . The total quantity of volatiles emitted per queen during stages of swarming was determined using gas chromatography (see Sect. 2). The quantities of volatiles emitted by the queen changed significantly as swarming progressed (repeated measures ANOVA, F (2,32) =5.4, P =0.01; n =17 queens). Sample points with different letters have significantly different means.
Volatiles emitted by queens during swarming
DISCUSSION
Overall, our results indicate that volatile emission by queens changes at swarm liftoff. By sampling the total airspace volatiles that are emitted by queens as they transition with workers from house hunting toward liftoff, we demonstrated that queens emit a significantly greater number of volatile compounds when bivouacs lift off than when they are clustered around the queen prior to house hunting or in the natal nest before swarming begins. The total quantity of these compounds also increased as queens approached swarm liftoff, with liftoff queens emitting significantly more volatiles than in-hive or bivouacking queens. We identified two compounds (heptadecane and pentadecane) that were produced by significantly more queens at liftoff and whose quantities were also significantly higher at liftoff. While previous studies of changes in pheromone production by queens have focused on relatively stable long-term differences between virgin and mated queens (Slessor et al. 1990; Gilley et al. 2006) or among mated queens with different mating qualities (Huang et al. 2009; Niño et al. 2013) , our results suggest that mated queens can alter their chemical output in response to relatively short-term changes in the state of the social collective, as workers do when they release Nasonov or alarm pheromones in response to quickly shifting conditions (Pickett et al. 1980; Breed et al. 2004 ). These results suggest that queens may play a more active role in organizing the swarming process than was previously known. Given that swarming workers tended to be more attracted to the volatiles from queens at liftoff compared to those of non-swarming queens, it seems more likely that these signals serve to keep airborne workers informed that a queen is traveling with them than to help dissolve bivouacs as they take flight, but we cannot rule out either possibility.
There was considerable variation among queens in both total volatile output and in the total number of compounds that they emitted. Honey bee workers are capable of distinguishing their own queen from others and newly introduced queens are often executed (Breed 1981) , so this variation is likely associated in part with kin recognition cues. There was no single compound that was emitted by all swarming queens at liftoff, which suggests that it is a blend of compounds (or perhaps their relative proportions) rather than a single compound that elicits behaviorally relevant worker responses. The use of blends of compounds that vary across individuals within a species is common in chemical communication systems (Wyatt 2010) . It is also possible that additional active compounds may have been emitted that were not efficiently captured using our methods because it is unlikely that a single type of SPME fiber adsorbs 100 % of the volatiles that are emitted by queens.
Tw o c o m p o u n d s ( t h e h y d r o c a r b o n s pentadecane and heptadecane) were emitted by significantly more queens during swarm liftoff than when the same queens were in colonies or in clusters prior to liftoff, and were emitted at significantly higher quantities by liftoff queens, making these compounds excellent candidates for investigation as novel pheromones that regulate the behavior of workers at the moment of liftoff and when swarms are airborne. Notably, pentadecane was also found in a relatively large number of liftoff queens (12 out of 17 queens, see Table I ). Both pentadecane and heptadecane are found in trace quantities in honey bee queen Dufour's glands and on the surface of queen-laid eggs, and pentadecane is also found on workerlaid eggs (Katzav-Gozansky et al. 2003; Richard et al. 2011) . Neither of these compounds has been identified as a component of honey bee Nasanov gland pheromone, which is released by workers to attract other workers during swarming, though hydrocarbons were not specifically investigated in these studies (Pickett et al. 1980) . These compounds have also been found in trace quantities in the sting apparatus of honey bee workers (McDaniel et al. 1984 ), but are not considered components of alarm pheromone, which elicits worker attraction (Breed et al. 2004) . In contrast, these compounds are present in large quantities in Dufour's and venom glands of many other social insect species, for which they appear to function in worker attraction. Both pentadecane and heptadecane are found in the Dufour's gland of Myrmica ants, and gland extracts are attractive to workers (Cammaerts et al. 1981) . Similarly, both compounds are found in the venom glands of Polybioides wasps (pentadecane is a major component), and extracts of these glands also trigger worker attraction (Sledge et al. 1999) . Finally, pentadecane is a volatile component of alarm pheromone of Camponotus ants, though paradoxically, it is found to calm worker ants when presented on its own (Fujiwara-Tsujii et al. 2006 ). Thus, it is possible that these compounds are produced by another gland of honey bee queens or are produced by the Dufour's glands of swarming honey bee queens only, and may function in worker attraction or swarm cohesion.
The remaining candidate compounds were produced either by equivalent numbers of queens or in equivalent quantities across the three stages of swarming that we tested. Butyl butanoate was produced by significantly more liftoff queens, but levels per queen were not significantly higher (Table I) . Although esters are quite common in bee exocrine glands (Francke et al. 1984) , butyl butanoate has not yet been reported as a beeproduced compound. However, it is interesting that this compound, in conjunction with 2-methyl-1-butanol, has been reported as a primer pheromone that inhibits the production of secondary queens in the termite Reticulitermes speratus (Matsuura et al. 2010) . (E /Z )-β-ocimene was produced by queens at all stages, but levels of this compound were significantly higher in liftoff queens (Table I) . (E )-β-ocimene was previously identified as a queen volatile that is emitted at higher levels by egg-laying queens than by unmated queens (Gilley et al. 2006; Huang et al. 2009 ). Benzyl alcohol, geranyl acetone, and benzyl benzoate trended toward being emitted by more liftoff queens than inhive queens, and benzyl alcohol and benzyl benzoate and were produced at significantly higher quantities in liftoff queens (Table I) . Geranyl acetone is likely a biosynthetic derivative of farnesol (Schulz et al. 2011) , which is a component of worker Nasanov glands (Pickett et al. 1980) . The five-compound Nasanov pheromone blend is attractive to honey bee swarms (Schmidt 1999) .
It is important to note that workers could also be releasing behaviorally active compounds in bivouacs and during swarm liftoff. It is possible that these compounds could have been released in sufficient quantities that they Bcontaminated^the queen, and thus, our samples of queen volatiles may have included worker-produced chemicals, and worker responses in our behavioral bioassay may reflect in part responses to these chemicals. It seems unlikely that workers produced sufficient quantities of compounds that they contaminated caged queens: We did not detect similar chemicals in our control collections from swarming workers (see Supplementary Figure S3 ) and, overall, the numbers and quantities of chemicals obtained from the worker samples were substantially lower than those obtained from the queens. It is possible that during the choice test, workers signaled to each other and thus the first workers to make a choice to enter a volatile-laden jar influenced the response of the other workers. However, these potential secondary signals would simply amplify an existing worker preference, rather than create that preference. In five of the eight trials, workers preferred the chamber that contained the swarming queen, while in only two trials was there a preference for the non-swarming queen. Although there is variability in queens' chemical signals and workers' responses to these signals, these data suggest that, in general, the chemicals produced by swarming queens are an important part of a potential suite of signals that attract workers to their queen during swarm liftoff.
Although all five components of QMP were detectable by our SPME sampling method (data not shown), none of them were detected from the queens in our study nor were they reported by other studies that used SPME to sample queen volatiles (Gilley et al. 2006; Huang et al. 2009 ). Previous studies suggest that 9-ODA is important for stabilizing swarms (Butler et al. 1964 ) and for worker detection of the presence of queens in airborne swarms (Avitabile et al. 1975) , while HVA also helps to stabilize and attract swarms (Winston et al. 1982) . Thus, while QMP components may play a role in swarm liftoff, these chemicals may not have been volatized in high enough concentrations to be readily detected by our methods. Interestingly, QMP is typically considered to be a pheromone that is transmitted among workers by contact (Seeley 1979; Naumann et al. 1993 ), but workers in airborne swarms and drones during mating flights can clearly detect 9-ODA (Avitabile et al. 1975; Brockmann et al. 2006) . It is possible that queen pheromones that function as contact pheromones to mediate queen-worker interactions within colonies are coupled with additional volatiles to mediate long-range queen-worker and queen-drone interactions during flight.
Swarming is a fascinating example of collective behavior. While previous studies have focused primarily on the role that workers play in initiating swarm preparations, stimulating liftoff from the established colony and the bivouac, and scouting for new nest sites (reviewed in Seeley 2010 and Grozinger et al. 2014) , our results demonstrate that queens are not simply passive participants in this process. Although a queen is unaware of her swarm's destination and likely has little influence over the speed of the househunting process, it is critical that she accompany workers each step of the way or the swarming process will fail. Accordingly, workers need reliable information from their queen about her presence in a swarm, and undoubtedly there is strong selection on queens to produce such signals. Our results provide the first evidence that the volatile blends that are emitted by queens change as bivouacs prepare to lift off and that workers can respond behaviorally to these changes. Thus, both the individual (the queen) and the group (the swarming workers) play a role in this collective behavior. Further studies are necessary to determine the source of the variation in queen volatile profiles, to test the biological activity of pentadecane and heptadecane during swarm liftoff, to identify the stimuli that trigger these pheromone blend changes, to characterize the proximate mechanisms that underlie these changes, and to determine whether altered blends serve simply to confirm the presence of the queen or to actively influence the behavior of swarms.
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